Phenols began to play a prominent role very early in modern operative medicine in the 1860s when Lister introduced his 'antisepsis' approach. The treatment of open wounds by carbolic acid dramatically reduced morbidity and mortality of surgical patients for the first time [1] . This central place in operative medicine was lost when, in the early 20th Century, 'asepsis' replaced 'antisepsis'. The powerful antibacterial properties of the phenols have resulted in their derivatives being widely used as stabilizers and preservatives in a huge variety of drug preparations, although this was hardly noticed by clinicians. Certainly, the phenol derivative best known by anaesthetists is propofol, a GABA A agonist and modulator which revolutionized intravenous anaesthesia. The purpose of this editorial is to present current knowledge of the structure -activity relation of phenol derivatives with respect to membrane spanning ion channels and receptors.
A substituted benzene ring is the common structural characteristic of a wide variety of pharmacologically active drugs, among them local anaesthetics [2, 3] and the general anaesthetic propofol (2,6 diisopropylphenol) (Fig. 1 ). Other structurally closely related phenol derivatives, such as 4-chloro-m-cresol, ben-zylalcohol and thymol, are in widespread use as bacteriostatic stabilizers in parenteral drug preparations. Naturally occurring phenolicmonoterpenes e.g. thymol, eugenol and carvacrol [4] [5] [6] [7] [8] are the active ingredients in the essential oils of plants occurring in the Mediterranean flora. Several beneficial effects have been ascribed to these essential oils, among others their strong bactericidal and antifungal activity [5, [9] [10] [11] [12] and their anti-inflammatory properties [4, [13] [14] [15] . In addition, aromatic alcohols with intact phenolic groups and different phenol derivatives have been shown to act as scavengers of reactive oxygen species, thus protecting neurons effectively against oxidative damage and cell death [16] .
Although antinociceptive and local anaesthetic effects have long been described for benzylalcohol [17] , eugenol and thymol [14] , a possible molecular basis for these effects has only recently been elucidated. Phenol derivatives are potent blockers of heterologously expressed voltage-operated sodium channels in vitro. The addition of one to three substituents in the phenol molecule is sufficient to form compounds with equal or higher potency in blocking voltage-operated muscle sodium channels to lidocaine. For example, the IC 50 value for lidocaine block of heterologously expressed muscle sodium channels at 2 100 mV was 500 µM [18] , compared with 150 µM for 3,5-dimethyl-4-chlorophenol [19] .
The blocking potency of phenol derivatives is increased by halogenation and by increasing the number of methyl groups. Substitution with longer aliphatic chains, as in the case of the anaesthetic propofol yields a compound with even higher blocking potency than 3,5-dimethyl-4-chlorophenol.
Compounds with a methyl group attached directly to the benzene ring (e.g. 3-methylphenol) are more potent than compounds with a methyl group inserted between the ring and the phenolic hydroxyl group (benzylalcohol, [20] ). The halogenated compound 4-chlorophenol is even more potent than the methylated compound (3-methylphenol). Insertion of methyl groups into the halogenated compound increased potency about two-fold with each methyl group; 4-chloro-2-methylphenol, in which the methyl group is attached at position 2 of the benzene ring, is slightly more potent than 4-chloro-3-methylphenol, in which the methyl group is attached at position 3 [21] . Thus, one can postulate that there are two important structural groups that confer reactivity on the molecule. Methyl groups, which partition in a hydrophobic pocket, are electron donors and most likely render the chloride at position 4 of the aromatic ring more electronegative [22] . Substitution of the methyl groups with a bulkier side-chai n produces a more potent sodium channel blocker. In addition, the position of the methyl group (attached directly to the benzene ring or separating the benzene ring and the hydroxyl group), as well as halogenation in position 4 of the phenol ring, has a major effect on the acidity of the hydroxyl hydrogen and on the hydrogen bond donor vs. acceptor character of the molecule [23, 24] . These results make former structure-activity studies on the blocking potency of lidocaine-like local anaesthetics appear in a new light. The structural units that are characteristic of class I antidysrhythmic drugs and local anaesthetics are a hydrophobic aromatic group connected via an intermediate chain to a hydrophilic amine group [2] . In most of these drugs, the hydrophobic aromatic group is represented by a substituted phenol. Previous studies that have addressed the structure-activity relationship of the interaction of class Ib antidysrhythmic drugs with sodium channels have led to relatively few firm conclusions about precise structural contributions. An attempt to assess the structural determi nants of lidocaine binding to sodium channels focused on homologues that differed in length between the arylamide and the amine domains of the molecule, or in the number of carbons attached to the terminal amine, but no structural changes were performed within the phenolic 'aromatic tail' of the molecule [25] . The approach of dissecting the lidocaine molecule into phenol and diethylamide provided first evidence for the assumption that the aromatic tail accounts for certain aspects of a lidocaine block, but did not take into account the fact that the aromatic group of the parent compound is a methylated phenol derivative [26] . Although phenol block mimicked slow block of cardiac sodium channels seen with lidocaine, blocking potency was an order of magnitude lower and skeletal muscle sodium channels were only minimally affected. Apparently, substituted phenol derivatives constitute a new group of sodium channel blocking agents. The potency of these compounds to block voltage-operated sodium channels is related to halogenation and to the size and position (with respect to the phenolic hydroxyl) of aliphatic substituents [19] . However, with the exception of propofol, most of the phenol derivatives studied are of experimental interest only at the present time and are in clinical use for applications other than the pharmacological blockade of sodium channels.
For the general anaesthetic propofol, several voltageoperated and ligand-gated ion channels have been described as possible target sites for its hypnotic [27] [28] [29] [30] [31] and muscle relaxant [32] effects. W hile propofol and local anaesthetics both block voltageoperated ion channels, they differ profoundly in their effects on the major receptor for inhibitory neurotransmission in the mammalian brain, the 1 -aminobutyric acid (GABA A ) receptor. Local anaesthetics such as lidocaine, bupivacaine, procaine, benzocaine and cocaine have been shown to inhibit GABAinduced currents, a mechanism that might underli e the central nervous toxicity of local anaesthetics [33] [34] [35] . In contrast, propofol not only potentiates GABA-evoked currents, but also activates chloride currents through GABA A receptors in the absence of GABA [27, 29, 31, [36] [37] [38] . Some experimental evidence suggests that this direct receptor activation in the absence of the agonist might determine the sedative-hypnotic as opposed to the anticonvulsant actions of propofol [38] .
Studies on structurally closely related propofol analogues revealed that small structural changes within the molecule, i.e. halogenation, induce substantial changes in pharmacological profile and receptor kinetics [39] . W hile the potency of a phenol derivati ve to block voltage-operated sodium channels was higher in halogenated compounds [19] , halogenation of the propofol molecule did not further increase its ability to directly activate GABA A receptors [39] . Animal experiments revealed that the halogenated propofol analogue showed anticonvulsant, but no sedative-hypnotic effects [38] .
W hich are the minimal structural requirements for a phenol derivati ve to activate GABA A receptors in the absence of the natural agonist? Structureactivity studies on direct agonist effects of different phenol derivatives revealed that only compounds with both the unsubstituted phenolic hydroxyl attached directly to the benzene ring and also a methyl or isopropyl group inserted in the ortho position to the phenolic hydroxyl group induce inward chloride currents via GABA A receptors. Potency was increased more than four-fold when a second methyl group was inserted in the ortho position, indicating that the ability of a phenolic compound to activate GABA A receptors is associated with 2,6 di-alkylsubstitution. The compound with only one isopropyl group in the ortho position (thymol) was slightly more potent than 2,6-dimethylphenol but propofol possessed the highest potency [40] . These findings might provide a molecular basis for the anaesthetic activity of ortho-alkylated phenol derivatives revealed by animal experiments, where the highest potency to induce sedation and sleep was associated with 2,6 di-alkyl-substitution [41] .
Besides voltage-operated sodium channels and GABA A receptors, inhibitory glycine receptors have been described as possible target sites for propofol effects. GABA (gamma aminobutyric acid) is the most important inhibitory neurotransmitter in the brain, but glycine plays a major role in the spinal cord and lower brainstem [42] . The possible importance of these lower CNS areas and hence of glycine in general anaesthesia is emphasized by a decerebration experiment, which found the minimum alveolar concentration of isoflurane to be independent of cortical and forebrain structures in the rat [42, 43] . Propofol, among other general anaesthetics, has been shown to potentiate the 1 glycine receptor in vitro [44] and to directly activate heterologously expressed glycine receptors in the absence of the natural agonist. It is conceivable that other phenol derivatives might equally interfere with glycine receptor function, but no evidence exists at the present time concerning structural requirements for this effect.
The in vitro effects described for propofol on the receptors for the major vertebrate excitatory neurotransmitter L-glutamate, are somewhat contradictory. Ionotropic glutamate receptor channels, which mediate fast excitatory transmission, can be classified according to their selecti ve agonists: N-methyl-D-aspartate (NMDA), Kainate, and alphaamino-3-hydroxy-5-methyl-4-isoxazole propionate (AMPA) [42] . The dissociative agent ketamine exerts its effects largely by inhibiting the NMDA receptor [42] , whereas the affinity of most other general anaesthetics for this receptor seems to be relatively low. Propofol on the one hand has been shown to produce a dose-dependent inhibition of whole-cell currents activated by NMDA in hippocampal neurons [45] and of currents through heterologously expressed NMDA receptors [46] , but on the other hand to enhance NMDA-induced neuronal damage [47] . In addition, the convulsive potency of Kainate and AMPA in mice was enhanced by propofol [48] . The role of glutamate receptor modulation in general anaesthesia is controversial [42] ; however, glutamate excitotoxicity has been implicated as an important cause of ischaemic, anoxic, epileptic and traumatic neuronal damage. Thus, further studies will be needed to elucidate a possible modulation of glutamate-induced excitotoxicity by propofol and other phenol derivatives.
Knowledge of differences in the interaction of drugs with channels and receptors at the molecular level has contributed to some understandi ng of differences in the pharmacological profile seen clinically. Consequently, structure-function analysis of drug effects at different channels and receptors may provide a basis for the design of drugs targeting different receptors with different potencies, translating into a desirable pattern of inhibitory or excitatory effects.
The use of virtually all local anaesthetics is limited due to central nervous toxicity occurring with higher brain concentrations. Local anaestheticinduced convulsions are especially attributed to the depression of inhibitory circuits in the central nervous system (CNS), among others the inhibition of GABA-induced chloride currents [33] [34] [35] . It is conceivable that ortho-alkylated phenol derivatives might represent an interesting alternative, as some compounds can be expected to combine sedativehypnotic and neuroprotective effects due to activation of inhibitory circuits in the CNS and radical scavenging properties [16] with lidocaine-li ke actions due to inhibition of voltage-operated sodium channels.
We should now consider the state-dependent interacti on of phenol derivati ves with voltageoperated sodium channels and comparison with the local anaesthetic lidocaine. Voltage-sensitive sodium channels are responsible for the increase in sodium permeability during the initial rapidly rising phase of the action potential in nerve, skeletal muscle, neuroendocrine, and heart cells. On depolarization, Ed itorial 3 sodium permeability first increases dramatically and then decreases to the baseline level after approximately 1 ms. This biphasic behaviour was described in terms of two experimentally separable processes that control sodium channel function: activation, which controls the rate and voltage-dependence of the sodium permeability increase following depolarization, and inactivation, which controls the rate and voltage-dependence of the subsequent return of sodium permeability to the resting level during a maintained depolarization. The sodium channel can therefore exist in three functionally distinct states: resting, active, and inactivated [49] . Both resting and inactivated states are nonconducting. The resting state is favoured by hyperpolarization of the membrane, the inactivated state is favoured by membrane depolarization. The increase in the fraction of inactivated with respect to resting channels on membrane depolarization, the so-called steady-state voltagedependence of inactivation, differs strongly between sodium channel isoforms from different tissues and between normal and mutant sodium channels. It has previously been shown that differences in the voltage-dependence of channel inactivation account for differences in sensitivity to sodium channel blocking agents with different binding affinities to resting with respect to inactivated channels between mutant and normal channels [18, 50] and between sodium channel isoforms from different tissues [51, 52] . Thus, mutant as well as sodium channels damaged by hypoxia, may increase sensitivity to a blocking drug by changing the voltage-dependence of channel inactivation [18, 53] .
Channels that have been inactivated are refractory unless the membrane is repolarized to allow them to return to the resting state, so-called recovery from inactivation [49] .
The effect of the local anaesthetic lidocaine on voltage-operated sodium channels in different excitable tissues has been extensively studied. Lidocaineinduced sodium channel blockade is characterized by a higher affinity of the drug for inactivated channels compared with the resting state, and by prolonged recovery from inactivation, introducing a second, slow component representing drug dissociation from inactivated channels [18, [54] [55] [56] [57] . This prolonged recovery from inactivation, once lidocaine is bound, accounts for the consecutive decrease in sodium current relative to the first pulse during repetitive stimulation when the interpulse interval becomes too short to allow recovery from inactivated channel block.
Voltage-dependent block by all phenolic compounds retains a characteristic set of features that describes local anaesthetic block [18, 54, 55, 57, 58] , but differs in the kinetics of drug binding and unbinding.
Similarly to local anaesthetics and antidysrhythmic drugs such as lidocaine, the blocking potency of all phenol derivatives strongly depends on the kinetic state of the channel, reducing the IC 50 values more than three-fold when membrane depolarization before the test pulse induces channel inactivation. For all compounds examined, the dissociation constants from the fast-inactivated state of the channel, estimated from drug-induced shifts in the voltage-dependence of the availability curve [55] , were about one order of magnitude lower than the dissociation constants from the resting state, assessed at hyperpolarized membrane potentials. This finding might be particularly important in pathological conditions, such as hypoxia or ischaemia, in which a normal resting membrane potential cannot be maintained, and the membrane is more depolarized [59] .
For the anaesthetic propofol, these results might have direct consequences for its clinical use as a 'muscle relaxant'. At normal resting potentials of muscle (2 70 mV), significant blocking effects were only observed in the higher range of clinically relevant propofol concentrations (1-10 µM [60] ). Affinity of the sodium channel for propofol was increased with membrane depolarization; the estimated dissociation constant of propofol from the inactivated state was 4.6 µM. Thus, in conditions where a normal muscle resting potential is maintained, a relevant degree of muscle relaxati on due to blockade of muscle sodium channels should only be expected at relatively high tissue concentrations of propofol [32] . These results are consistent with a clinical study showing that spontaneous dystonic movements during induction of anaesthesia with propofol, attributed to a transient stimulation of deep brain structures, are reduced in magnitude and duration at higher induction doses of propofol (5 mg kg 2 1 ), though depth of anaesthesia monitored with the electroencephalograph (EEG) was equal. The authors postulated an additional, yet unexplained, 'muscle relaxing' effect achieved by higher tissue concentrations of propofol [61] . In pathological conditions, such as hypoxia, myotonia or ischaemia, in which the normal resting potential cannot be maintained, increasing the fraction of inactivated channels [59] , sensitivity to propofol should be increased. Thus, under pathological conditions, relevant blocking effects of propofol are likely to occur at low propofol concentrations. This might explain the effectiveness of a relatively small propofol bolus (50 mg) to reduce muscle tone and decrease spontaneous electromyograph (EMG) recordings in a patient with severe tetanus [62] .
Analogous to the effects described for other Na 1 channel blocking drugs [18, 57] , channel repriming after a depolarization is delayed by phenol derivatives [19] . This might, on the one hand, be due to drug-induced stabilization of the inactivated state.
On the other hand, removal of inactivated channel block at 2 100 mV could slow down overall recovery processes studied by using a two-pulse protocol. Experiments with a conformational marker for the fast-inactivation gate have shown that lidocaineinduced slowing of sodium channel repriming does not result from a slowing of recovery of the fastinactivation gate [56] . If the same holds for phenol derivatives, recovery from fast inactivation would precede recovery of the ionic current in drug-bound channels. With the excepti on of benzylalcohol, the dissociation of all compounds from inactivated channels occurs on a time-scale that is hardly discernibl e from the time-course of recovery from fast inactivation. Thus this leads to a slight prolongation of the fast component of recovery and introduction of a second, slow component, of about 30 ms for all phenolic compounds [19, 20] . Use-dependent block during repetitive stimulation in the presence of a channel blocking agent is generally observed when the time of membrane repolarization between the pulses is too short to allow recovery from inactivated channel block. The results on the kinetics of recovery from inactivated channel block explain the lack of use-dependent block at stimulating frequencies lower than 50 Hz seen with most phenolic compounds at concentrati ons below the IC 50 for rest block. Lack of use-dependent blockade has equally been described for the structurally related local anaesthetic benzocaine [63] . In contrast, lidocaine induces substantial use-dependent block, even at lower stimulating frequencies [18] . Structure-activity studies of different local anaesthetics and their derivatives have shown that the rate of dissociation from inactivated channels, which determines the accumulation of frequency-dependent block during repetitive stimulation, is related primarily to the size of the aliphatic side-chai ns [63] , the molecular weight, and charge [2] . Thus, the lack of frequencydependent block seen with compounds with single substituents at the phenol ring compared with lidocaine could be attributed to differences in molecular weight.
In conclusion, we can say that block of sodium channels by phenol derivatives apparently retains the principal features of local anaesthetic block described for lidocaine, although the kinetics of drug binding and unbinding are more than one order of magnitude faster.
Sodium channels and the outlook on possible clinical implications are now considered. Besides lidocaine-like actions, phenol derivatives uniformly tend to correct altered gating characteristi cs displayed by paramyotonia congenita mutant muscle sodium channels in vitro, accelerating impaired inactivation kinetics [64, 65] . This effect could not be shown for lidocaine-li ke local anaesthetics [66] , suggesting that the interaction of phenol derivatives with inactivation-deficient sodium channels might be more specific in this respect than the interaction of lidocaine with those channels. A wide variety of clinical conditions is characterized by the expression of sodium channels with altered inactivation characteristics as a result of heredi tary defects, as in paramyotonia.
We turn to examine the interacti on of phenol derivatives with inactivation-deficient congenita [59] , or secondary damage, such as denervati on [67] , hypoxia or ischaemia [53, 68] . Although the diseases differ in their origin and clinical picture, the subsequent alterations in channel gating are surprisingly uniform, comprising a delay in the time-course of channel inactivation which leads to altered membrane excitabili ty. Thus, a possible direct interference of phenol derivatives with the impaired gating mechanism, which leads to a partial restoration of channel dysfunction to normal values, could become of clinical interest in those conditions. This direct interference with altered gating characteristics, which was equally shown for the anaesthetic propofol in vitro, might have implications for the choice of the anaesthetic in myotonic patients. Life-threateni ng complications resulting from severe muscle rigidity during induction of anaesthesia have been observed using other anaesthetics in patients with hereditary sodium channel myopathies [69, 70] . As myotonia in these cases is not responsive to neuromuscular junction blocking agents [71] , the use of local anaesthetics is generally recommended for therapy or prevention of myotonic attacks [59, 72] , including the management of myotonic contractions during surgical stimulation [71] . Propofol has lidocaine-like effects on mutant muscle sodium channels of paramyotonia congenita and, in additi on, corrects altered inactivation phenotypes induced in vitro [64] . These results provide the molecular basis for the assumption that propofol might be effective in the prevention or treatment of perioperative and intraoperative muscle rigidity in patients with sodium channel myopathies. Unfortunately, prospective controlled clinical studies will be difficult to perform, because the incidence of the diseases is low, clinical signs as such may be nonspecific, and patients often refuse additional invasive testing. Thus, myotonia may be difficult to identify on routine preoperative examination by anaesthetists [1, 69] . The in vitro results at least suggest that propofol may be the agent of choice for induction of anaesthesia in patients with known myotonia.
Moreover, it should be regarded as a possible option
